in the relative levels of reduced pyridine nucleotides (RLRPN) has been noted immediately after occlusion of the middle cerebral artery (MCA) in cats. 15 This finding suggests that cerebral oxidative metabolism is very sensitive to ischemia. The recovery process of mitochondrial function after ischemia, however, still awaits further investigation. 6 ' ' 6 Several studies have reported postischemic derangements of cerebral glucose metabolism ranging from foci of activation to marked suppression. 17 " 22 The wide-range of abnormalities of glucose metabolism seem to correalte well with functional and structural tissue damage, although the exact underlying mechanism for the varied glucose metabolic response after ischemia is still unknown.
In the present study, 14-C-2-deoxyglucose (14-C-2DG) autoradiography, fluororeflectometry and histological evaluation were performed in the same animals subjected to 4 hours of recirculation following 2 hours of MCA occlusion. The results demonstrate alterations of the RLRPN ranging from a significant reduction to a hyperoxidation, which appear to have a close relationship with both local cerebral glucose utilization (lCMRgl) and histological damage. The time course of changes in the flurorefiectometric data and the electrocortical activity (ECoG) during the ischemic insult as well as during the subsequent recovery period has been presented in a separate publication. 23 The present communication focuses on the events at the end of the recovery period.
Methods
Adult male cats weighing between 2.5 kg and 3.5 kg were anesthetized with intraperitoneally administered sodium pentobarbital (40 mg/kg). The animals were immobilized with 5 mg/kg gallamine triethiodide following the tracheostomy, and were artifically ventilated with a Harvard respirator. Femoral arteries and veins were cannulated, and an additional catheter was placed retrogradely into the left lingual artery for repeated bolus injections of isotonic, oxygenated dextran solution (0.1 ml-0.3 ml) used to obtain cerebrocortical hemodilution curves. The head of the animals was mounted in a stereotaxic apparatus, and the skin and muscles were removed from both sides of the skull. A cranial window 12 mm in diameter equipped with a pair of silver strips for the measurement of a bipolar electrocorticogram (ECoG) was inplanted into the left parieto-temporal bone over the left middle ectosylvian gyrus. A detailed description of the method of in vivo surface fluororeflectometry has been given previously." 1214124 Briefly, the changes in cerebrocortical blood content (i.e., cerebrocortical vascular volume, CVV) and reduced pyridine nucleotide fluorescence were measured photoelectrically through the cranial window. The brain cortex was excited at 366 nm light, and both the reflected light (366 nm) and the emitted fluorescence (450 nm) were measured by photomultiplier tubes (EMI, United Kingdom) using appropriate optical filters (for reflectance, Corning 5874 glass filter; for fluorescence, Kodak Wratten 2C and 47 gelatine filters). The measurement of the changes in the relative levels of pyridine nucleotides in vivo by surface flurometry is based on the data of Chance et al, 23 who showed that NADH and NADPH, but not NAD and NADP, have a strong fluorescence at 450 nm when excited at 366 nm. Artifactual changes in fluorescence, caused by alterations in the tissue blood content, was avoided by subtracting a fraction of the reflected signal from the fluorescence signal. 14 ' 2426 This fraction was determined by injecting dextran into the lingual arterial catheter (artificial hemodilution) and adjusting the subtraction circuit so that the corrected fluorescence signal did not change. 14 Mean transit time of cortical blood flow (tm) was determined by area-over-height analysis of the hemodilution-induced cortical reflectance curves. 13 Cerebrocortical blood flow (CBF) was calculated by dividing CVV by tm. 12 ' "• 27 The diameter of the excited area was 1 mm, and most of the optical signal is obtained from the cortical surface down to a depth of 0.3 mm. 12 Copper screws were fixed into the temporal bone of the contralateral hemisphere for the measurement of the electrocorticogram. The pO2, pCO2 and pH of the arterial blood were determined frequently with a Radiometer blood gas analyzer (BMS3, MK2). The rectal temperature of the animal was maintained at 37° C by a thermostatically controlled infrared lamp (73A, Yellow Springs Instrument). Arterial blood pressure was monitored with a transducer (Model P23Dc, Statham) connected to the femoral artery catheter and end tidal carbon dioxide concentration was monitored with an infrared medical gas analyzer (LB-2, Beckman Instruments). Cerebrocortical NADH fluorescence and reflectance, ECoG of each hemisphere, and arterial blood pressure were recorded on a multi-channel polygraph (Hewlett-Packard). Mean transit time was determined every 15-30 min.
The proximal portion of the left middle cerebral artery (MCA) was exposed via a transorbital approach using a modified O'Brien and Waltz 28 technique. After a control period, ischemia was initiated in a series of ten cats by occluding the proximal MCA trunk with a miniature Mayfield clip. In four control animals, a sham-insult was initiated by lightly touching the MCA with a glass rod. Following 120 min of MCA occlusion, the clip was removed, and re-expansion of the MCA trunk was visually confirmed. At 3 hr and 15 min after release of the clip, 250 ^iCi of 14-C-2DG (New England Nuclear) was injected intravenously as a bolus for the determination of lCMRgl during the recovery period. 29 Arterial blood samples were drawn during the next 45 min, initially at 15 to 30 sec intervals and later at 1 to 10 min intervals. Plasma aliquots of these samples were assayed for 14-C concentration using a liquid scintillation counter (Packard Instruments) to define the time course of arterial plasma 14-C-2DG activity. Larger samples were taken at 10 min intervals for the determination of the arterial plasma glucose level. At 45 min following the injection of 14-C-2DG, the animal was killed by the intravenous administration of saturated potassium chloride solution, STROKE VOL 17, No 5, SEPTEMBER-OCTOBER 1986 and the brain was quickly removed and cut into 4 mm thick coronal blocks. Alternate blocks were immersion-fixed in 10% formalin for 10 days, and processed for histological evaluation by light microscopy. The sections cut from paraffin-embedded blocks were stained with Nissl or hematoxylin-eosin. The remainder of the blocks were frozen in Freon-22 (DuPont) at -55 degrees C. Twenty fim thick sections were cut from these blocks at -2 0 degrees C in a cryostat (American Optical Company), and were placed on glass coverslips and dried on a hot plate (60 degrees C) for 5 min. The dried sections were then placed in apposition to X-ray film (SB-5, Eastman Kodak) together with calibrated 14-C standards for 10 days. The resultant autoradiograms were subjected to quantitative densitometric measurements by means of a computerized image analysis system consisting of a rotating drum scanner (Optronics) and an image analyzer (Grinnell Systems). 30 For the calculation of lCMRgl, the operational equation of Sokoloff et al 29 as modified for a changing plasma glucose level by Savaki et al 31 was used. The value of the lumped constant of normal anesthetized cats (0.411) 32 was employed, since preliminary data obtained in cats 33 suggest that the lumped constant for postischemic brain might be similar to that for the normal brain (see below). The rate constants for glucose and deoxyglucose as determined in the rat 29 ' 31 were employed, since the similarity of the values between rat and monkey 34 suggests that the rate constants for the cat will also be similar. The rate constants for the postischemic brain might be different from those in the normal brain. The effect of this difference on the calculation of lCMRgl will be discussed below. When the relationship of lCMRgl with the fluororeflectometric data was studied as shown in figure 2 and figure 3 , lCMRgl was calculated from the upper 0.3 mm of the cortical area under the light spot so as to represent the same region as measured by the fluororefiectometer.
Histological changes in each anatomical structure were graded into four categories. 33 ' x The first category was histologically normal (Grade 0). The second category showed slight ischemic changes such as shrunken cell bodies with triangular, darkly stained cytoplasm and loss of discrete Nissl substance with only widely scattered neurons affected (Grade 1). The third category exhibited moderate changes with a typical medium-power microscopic field containing several affected neurons (Grade 2). In the fourth category, a large portion of neurons were affected, which were often accompanied by edematous neuropil (Grade 3). By using the 4 mm thick alternate blocks for histology, it was possible to observe the histological changes in the region adjacent to the area from which the fiuroreflectometric data and lCMRgl were obtained.
Results
Animals were classified into three groups depending on the mean amplitude of the ECoG of the ischemic side at the end of the recirculation. 23 The animals with a mean ECoG amplitude less than 20% of the amplitude of the EEG on the contralateral side at the end of the recovery period constituted the severe group, whereas those with the ECoG amplitude more than 70% of that on the contralateral value constituted the mild group. The animals with an ECoG amplitude between 20% and 70% of the EEG on the contralateral side were classified as the moderate group. Using this criteria, five cats were in the severe group with an average ECoG amplitude that was 7.4 ± 1.7% (mean + SEM) of the corresponding sham value at the end of study, while the moderate and mild groups consisted of three and two animals respectively, with average ECoG amplitudes of 39.6 ± 7.5% and 86.1 ± 10.8%, respectively. There was no apparent seizure activity present in the ECoG in either hemisphere in any of the animals. The ECoG amplitude of the non-ischemic side was slightly depressed during the study as compared to the sham animals. At the end of the study, the mean ECoG amplitudes of the severe, moderate and mild groups were 78.9 ± 11.2%, 72.6 ± 16.4% and 77.8 ± 23.4% of the sham values, respectively.
Physiological Data
As shown in table 1, blood gases and mean arterial blood pressure (MABP) were within the normal range throughout the study in all animals, and there was no statistical difference among the four groups of animals (the Bonfferoni method). 37 
Local Cerebral Glucose Metabolism of the Sham Group
The local CMRgl of various anatomical structures of the sham animals are listed in table 2. Those structures belonging to the cerebral gray matter are grouped into 3 territories: central MCA territory, peripheral MCA territory and non-MCA territory, as shown in the table. This classification is based on the distribution of the MCA. 13 There was neither any focal abnormalities nor any differences in lCMRgl between the hemispheres in any specific structure.
RLRPN and ECoG in the Left Middle Ectosylvian Gyms
The ECoG amplitude of the left middle ectosylvian gyrus at the end of the study was correlated with the RLRPN ( fig. 1 ). RLRPN is expressed as the change from the control period to the end of the study from which is subtracted the corresponding change in the sham animals. It was necessary to subtract the changes seen in the sham animals since there was a gradual reduction (20.5%) in RLRPN of this group toward the end of the study due to lightening of anesthesia. Accordingly, the upward shifts from the zero line in the future figures represent changes toward reduction and oxidation, respectively, as compared to the sham group. As is evident in this figure, the animals in the severe group exhibited a mild oxidation in the RLRPN. By contrast, the animals in the moderate group always showed considerable reduction, and the animals in the mild group exhibited a near normal redox state. These findings suggest a close relationship between the degree of depression in ECoG amplitude and mitochondrial functional state. Values are mean ± standard error. n = number of animals; MABP = mean arterial blood pressure. Figure 2 shows the relationship among lCMRgl, RLRPN and histology in the left middle ectosylvian gyrus. The lCMRgl is expressed as a percentage of the sham value, whereas the scale of the RLRPN is the same as in figure 1 . The histological grade is indicated on the side of each data point. The animals in the group. There was no correlation between 1CBF and histologic damage, nor between 1CBF and lCMRgl.
Glucose Metabolism, RLRPN and Histology in the Left Middle Ectosylvian Gyms

Local Cerebral Glucose Metabolism in Various Regions of the Experimental Group
The lCMRgl values in individual cerebral structures of the animals subjected to 2 hr MCA occlusion followed by a 4 hr recirculation period are listed in table 2. The structures within each territory group exhibited similar changes in lCMRgl in all experimental groups when compared to the sham group. The data from each structure was converted to a percentage of the sham value of the corresponding structure and all structures comprising the territory were averaged to obtain a mean lCMRgl value (as a percentage of the sham). Statistical analysis was performed for the multiple intergroup comparisons using an analysis of variance and the Bonferroni method. 37 1. Central MCA territory. On the ischemic (left) side, the mild group showed a statistically significant increase in lCMRgl in the central MCA territory as compared to the same (p < 0.01) with an average value of 126.2 ± 6.5% of the sham ( fig. 5 ). The moderate group exhibited a similar enhancement of lCMRgl (123.7 ± 7% of the sham group). In contrast, the severe group showed a significantly depressed lCMRgl (p < 0.001) with an average value of 63.5 ± 1.9% of the sham level. On the non-ischemic side, the mild group showed a slight but not significant increase in lCMRgl, while the severe group exhibited a mild, but statistically significant (p < 0.05) decrease with an average value of 88.9 ± 4.3% of the sham. LCMRgl severe group invariably showed a moderate decrease in lCMRgl of between 53.8% and 75.3% of the sham along with an oxidation of the pyridine nucleotides. These changes were accompanied by moderate (grade 2) or severe (grade 3) histologic damage. On the other hand, the animals in the other groups exhibited a normal or mildly activated lCMRgl with less severe or no histologic damage. It is noteworthy that there was a rather large difference in the RLRPN between the mild and moderate groups in spite of the similar level of lCMRgl. Even though immersion fixation was utilized in this study, artifactual darkly stained neurons were not prevalent as evidenced by close examination of stained sections from the contralateral hemisphere ( fig. 3 ).
Blood Flow, Glucose Metabolism and Histology in the Left
Middle Ectosylvian Gyrus Figure 4 shows the relationship among 1CBF, lCMRgl and histology in the left middle ectosylvian gyrus. Both 1CBF and lCMRgl are expressed as a percentage of the corresponding sham values. CBF in all animals was below the sham level. The animals with lCMRgl increased to a level greater than the sham animals showed a 1CBF value ranging from 42.3% to 56.2% of the sham, whereas there was a wide scatter in 1CBF (28.1%-83.0%) in the animals of the severe 3. Non-MCA territory. Figure 7 displays ICMRgl in the non-MCA territory. There were no significant changes except for a small depression in the non-ischemic side of the severe group where ICMRgl was 90.8 ± 4.0% of the sham (p < 0.05).
4. Cerebellar hemispheres. There were no significant changes in ICMRgl in either hemisphere of any group in the cerebellum ( fig. 8 ).
Histological Damage and Glucose Metabolism Figure 9 shows the distribution of ICMRgl in the gray matter of the postischemic hemisphere plotted against the histological damage in the same regions. The regions with slight damage showed an average ICMRgl of 118.7 ±4.1%oftheshamvalue, whereas the regions with severe damage had a significantly depressed ICMRgl with an average value of 69.8 ± 2.8% of the sham. The ICMRgl of the regions with moderate histologic damage was intermediate between those of the mildly and severely damaged regions. The regions with no histologic changes had glucose utilization rates ranging from 83.0% to 131.5% of the sham value with an average value of 105.3 ± 2.2%.
Discussion
The calculation of ICMRgl in postischemic tissue using normal values for the rate constants and the lumped constant of deoxyglucose should be viewed with caution, since there might be some changes in these parameters under pathological conditions. 38 As discussed elsewhere, 51 however, no systematic evaluation of the rate constants in postischemic brain has been made. Preliminary data in a diffuse ischemia model in the cat suggest that the lumped constants for 2-DG is elevated significantly during ischemia, but returns toward a normal level during the subsequent recovery period. 39 Further studies are needed to document the changes in these constants that may occur during ischemia as well as during the recirculation period both as a function of flow and histologic damage.
One of the striking findings of the present study is the oxidation of the pyridine nucletides (so-called hyperoxidation) as compared to the sham in the animals with significantly depressed ECoG activity as well as severe histological damage. The ICMRgl in these animals was moderately depressed, while 1CBF showed a rather wide scatter (28.1%-83.0% of the flow of the sham group). Since the fiuorometric technique in the brain measures mostly the changes in mitochondrial NADH fluorescence, 6 ' '• M the above findings may suggest that there existed a serious derangement of energy production related to mitochondrial oxidative metabolism. The following possibilities can be raised to explain the observed hyperoxidation of the RLRPN: 16 ' w (1) deficiency of substrate relative to oxygen supply, (2) decreased mitochondrial enzymatic pool size, (3) uncoupling of oxidative phosphorylation, (4) seizure activity or (5) increased oxygen availability to the tissue. Kogure et al 40 have suggested that postischemic tissue may have difficulty further oxidizing pyruvate resulting in a lack of electron supply to the mitochondrial respiratory chain. On the other hand, Duckrow et al 16 speculated that a block in the glucose metabolic pathway would have to exist after the phosphorylation of glucose but before the tri-carboxylic acid cycle, and would cause a relative substrate deficiency. In the scheme outlined by Kogure et al, 40 ICMRgl would be enhanced due to the activation of glycolysis; in our study, however, ICMRgl was depressed. This finding supports the hypothesis of Duckrow et al, 16 since if there is a block in the metabolic pathway, intermediate metabolites would accumulate which in turn would induce an inhibition of hexokinase activity by a feedback mechanism. 1 The loss of NAD from the tissue, with subsequent inhibition of NADH generation, as suggested by Welsh et al 6 may have resulted from the disruption of the plasma and mitochondrial membranes accompanying the severe histologic damage. In addition, the acidcatalyzed destruction of NADH 4 which is accelerated by tissue acidosis both during ischemia and recovery, 41 may have contributed to the hyperoxidation of the pyridine nucleotides.
Based on fluorometric data along with a measured increase in oxygen consumption following transient ischemia, Rosenthal et al 42 have suggested that the primary pathogenic mechanism of ischemic damage may be the uncoupling of oxidative phosphorylation. With an uncoupled mitochondrial system, however, glucose utilization of the tissue should also be activated. This activation would be caused by an increased flux through the glycolytic pathway stimulated by a decrease in the cytosolic phosphorylation potential of free adenine nucleotides and the consequent stimulation of phosphofiructokinase. 43 Our finding of a depressed ICMRgl does not support the existence of uncoupled mitochrondrial metabolism, an interpretation consistent with the view of Duckrow et al.' 6 Although energy-consuming seizure activity can produce hyperoxidation of the redox state 4445 the ECoG recordings did not show any apparent seizure activity. Likewise, increased tissue oxygenation is not likely to play a role in the hyperoxidation since the 1CBF values were always lower than the sham level throughout the study.
In the moderate group, which exhibited an increased glucose metabolism (106.2%-145.6% of the sham), the RLRPN was significantly reduced in comparison to the sham group (p < 0.005, the Bonferroni method). These changes were accompanied by slight to moderate histologic damage. An increase of ICMRgl during postischemic recirculation has been noted in several animal models 17 " 1921 ' 26 although the pathophysiological mechanism responsible for this metabolic alteration is still controversial. The reduction in the RLRPN might be explained by a number of mechanisms: (1) tissue hypoxia, (2) enhanced glycolysis and (3) decreased neuronal activity. 46 While PaO2 remained normal throughout the study, 1CBF at the end of the recovery period was between 42.3% and 56.2% of the sham level, which may produce mild tissue hypoxia accompanied by a reduction in the RLRPN. 24 Under normal conditions, the threshold of CBF at which anaerobic glycolysis is activated is 40% -45% of the control. 47 " 19 In the animals in the moderate group, 1CBF was decreased to below 35% of the sham during the ischemic period. This reduction in flow, along with data showing an aggravation of mitochondrial dysfunction 50 and a postischemic persistence STROKE VOL 17, No 5, SEPTEMBER-OCTOBER 1986 of anaerobic glycolysis, 51 suggests that the enhanced lCMRgl in the moderate group was largely due to anaerobic glycolysis, and was responsible for the reduction of the RLRPN. Decreased neuronal activity indicated by the moderately depressed ECoG amplitude may also have contributed to the reduction of the RLRPN.
In the mild group, the RLRPN was within the normal range, and was accompanied by a normal or mildly depressed ECoG along with a mildly increased lCMRgl. Histologic damage either was not present or was slight. This implies that mitochondrial function as well as energy metabolism was not damaged in these animals, even though the recovery of 1CBF was not complete. It should be noted that there was no difference in 1CBF and lCMRgl at the end of the recovery period between the moderate and mild groups, while they did differ in RLRPN and ECoG activity. These differences presumably result from events occurring during the ischemic event. Indeed, the average 1CBF of the mild group 60 min after MCA occlusion was 37.0 ± 3.7% of the control, which was higher than the corresponding value of the moderate group (23.6 ± 5.4%), while during the remainder of the ischemic period, 1CBF of the mild group gradually increased and in the moderate group decreased further. The slightly increased lCMRgl along with a normal RLRPN may indicate that glucose utilization is stimulated aerobically in parallel with an increased tissue oxygen extraction such that the balance between the substrate flow and the oxygen supply in the mitochondrial respiratory chain remains normal. The increased energy production might have been needed for cellular repair following the ischemic insult. 21 Since the middle ectosylvian gyms is invariably the core of the ischemic insult induced by MCA occlusion in cats, 1332 the changes in ECoG activity recorded from this gyrus can be regarded as an indicator of the severity of the ischemic damage. Consequently, the animals were classified into 3 groups depending upon the ECoG amplitude. In order to establish the extent of derangement in glucose metabolism in the whole brain in terms of the severity of the insult, as judged by ECoG activity, lCMRgl in various regions was examined (figs. [5] [6] [7] [8] .
In the central MCA territory, the lCMRgl of the non-ischemic hemisphere in the severe group exhibited a slight, but statistically significant, depression. A similar depression of lCMRgl in the contralateral hemisphere in the non-MCA territory ( fig. 7 ) was also observed although this metabolic depression was not accompanied by any histological cell damage. This finding seems to be comparable to the mild suppression of cortical glucose utilization of the non-ischemic hemisphere observed during MCA occlusion by Ginsberg et al. 33 Examination of the EEG records from that study indicates that their animals correspond to the severe group of our study. In their pooled data, however, lCMRgl was depressed by 30% of the sham value, whereas in our study depression was only 10%. Additionally, in the present study, there was no sign of metabolic depression in the peripheral MCA territory, whereas Ginsberg et al 33 noted a depression in this territory similar to that observed in other regions. These findings suggest that the metabolic depression of the non-ischemic (contralateral) hemisphere may gradually recover during the reperfusion period, with a regional inhomogeneity in this recovery process. Indeed, it has been reported from clinical studies that the depression of oxygen consumption and CBF, which seems to correspond to the metabolic depression, continues only temporarily and then tends to recover in the non-ischemic hemisphere after the onset of stroke. Recently, crossed cerebellar diaschisis has been demonstrated in which CBF and oxygen consumption 33 ' x and lCMRgl 37 are depressed in the cerebellar hemisphere contralateral to a supratentorial infarction in patients. There was no indication in the present study, however, of any metabolic depression in the contralateral cerebellar hemisphere ( fig. 8 ). The absence of contralateral cerebellar effects may be attributed to differences in the ischemia model since in our studies reperfusion follows a short period of occlusion whereas the clinical reports were obtained in patients with persistent ischemia.
In the peripheral MCA territory, the changes in lCMRgl of each group was smaller than the corresponding changes observed in the central MCA territory. No significant changes in the non-MCA territory of the ischemic hemisphere were noted. These data indicate that there is a gradient of metabolic derangement surrounding the central MCA region. Histological evaluation showed a similar gradient of damage, with the peripheral territory tending to exhibit less severe damage than the central MCA territory, with no damage in the non-MCA territory.
As shown in figure 9 , in which the distribution of pooled lCMRgl data from the postischemic hemisphere is plotted against the grade of histologic damage, lCMRgl that is increased beyond a critical level (approximately 140% of the sham), appears to be associated with mild to moderate damage, whereas a depressed lCMRgl to levels below 70% of the sham generally leads to moderate or severe damage. Kuhl et al 38 observed in stroke patients using positron emission tomography (PET), that glucose metabolism is generally a more sensitive indicator of cerebral dysfunction than is CBF. Recently, Baron et al 3 * also reported that a clearly depressed local cerebral oxygen consumption (1CMRO 2 ), to a level lower than approximately 70% of the value in the contralateral hemisphere, seems to indicate evolving ischemic necrosis. Local cerebral blood flow, however, did not appear to be a good indicator of insult. In the present study, 1CBF measured during the recovery period was rather similar among all three different groups of animals ( fig. 4) . It is suggested that the recovery of blood flow itself might not be a key factor in determining the restoration of tissue function whereas various metabolic parameters appear to be a better prognostic indicator of tissue damage. Since the noninvasive measurements of 1CBF, lCMRgl and 1CMRO 2 in the same brain regions have become available in patients by means of PET, 39 it is important to determine the relationship between these parameters and the underlying metabolic derangements as well as histologic damage so that the prognosis and therapeutic treatment of stroke patients can be better evaluated.
